We have sequenced a gene in human cytomegalovirus and a homologous gene in human herpesvirus 6 which could specify a product related to protein kinases. This gene appears to be generic in the herpesvirus family as homologues were found in three other human herpesviruses. The five sequences were aligned and found to be quite divergent. Some of the differences occur at amino acid positions which are functionally important and highly conserved in known protein kinases. Hence these genes may represent a significant departure from known protein kinases in terms of structure and/or function.
INTRODUCTION
Herpesviruses are linear double-stranded DNA viruses of eukaryotes, morphologically characterized by icosahedral nucleocapsids approximately 100 nm in diameter. The approximately 100 known herpesviruses can be divided into three subfamilies, the Alpha-, Betaand Gammaherpesvirinae, each having distinctive biological properties (Roizman, 1982) . Most herpesvirus genomes fall in the size range of 120 to 230 kbp and have the capacity to encode about 70 to 200 genes. In a productive infection genes are expressed in a coordinated fashion, resulting in a cascade of viral protein synthesis with associated DNA replication. The majority of the enzymes shown to be encoded by herpesviruses are involved in DNA replication or nucleotide metabolism. Viral enzymes include DNA polymerase (Purifoy et al., 1977) , alkaline exonuclease (Preston & Cordingley, 1982) , ribonucleotide reductase (Dutia, 1983) , thymidylate synthetase (Honess et al., 1986) , thymidine kinase (McKnight, 1980) , dUTPase (Preston & Fisher, 1984) , uracil-DNA glycosylase (Caradonna et al., 1987) and dihydrofolate reductase (Trimble et al., 1988) . The sequences of these proteins are conserved to widely varying degrees in terms both of their distribution within the herpesvirus family and of the levels of homology exhibited.
In contrast to enzymes catalysing DNA and nucleotide metabolism, only one type of protein kinase gene has been demonstrated in herpesviruses. This is located in the short unique region of alphaherpesviruses such as herpes simplex virus type 1 (HSV-1), varicella-zoster virus (VZV), and pseudorabies virus (PRV) (McGeoch & Davison, 1986 ; reviewed by Leader & Katan, 1988; Leader & Purves, 1988) , and appears to be specific to this family. The product of a candidate kinase gene in human cytomegalovirus (HCMV) (Davis & Huang, 1985) has yet to be shown to have kinase activity and its predicted sequence does not resemble those of known kinases. This scarcity of protein kinase genes in herpesviruses is in contrast to the number of phosphoprotein species in infected cells, which already constitute a significant class of known gene products ranging from immediate early trans-activators (Pereira et al., 1977) to structural components (Jahn et al., 1987) . It seems possible that the ubiquitous nature and relaxed substrate specificity of cellular protein kinases can account for the apparent lack of viral equivalents. For example, of the several protein kinases found to be associated with virions of herpesviruses (Lemaster & Roizman, 1980; Roby & Gibson, 1986) , most are likely to be cellular in origin (Stevely et al., 0000-8764 © 1989 SGM HSRF3   ULI3  VZV47  BGLF4  15R  HSRF3  CON   ULI3  VZV47  HGLF4  15R  HSRF3 UL13  VZV47  HGLF4  15R  HSRF3  CON   GC   CASK  MLCK-K  DCKII  ~S3  VZV66  pim-I  c-mos  c-src   DLI3  VZV47  BGLF4  15R  HSRF3  CON   GC   CAPK  MLCK-K  PCKII  US3  VZV66  Fire-1  c-mos  c-src   ULI3  VZV47  BGLF4  15R  HSRF3  CON   ULI3  VZV47  HGLF4  15R  HSRF3 Leader & Katan, 1988) . This notwithstanding, the contribution of cellular protein kinases to viral structure and function has yet to be determined. In this context the identification of viral kinase genes might help to clarify our understanding of viral protein phosphorylation. We have now identified a candidate for such a gene which is conserved between five human herpesviruses. These are the alphaherpesviruses HSV-1 and VZV, the gammaherpesvirus Epstein-Barr virus (EBV); the betaherpesvirus HCMV, and human herpesvirus type 6 (HHV-6). [While some authors assign HHV-6 to the gamma subfamily due to its T cell tropism (Lopez et al., 1988) , sequence analysis suggests its closest relative may be HCMV (G. Lawrence, this paper and unpublished results; S. Efstathiou, personal communication).] In this paper we present the predicted protein sequences of two of the genes, from HCMV and HHV-6, and discuss the relationships and possible functions of all five sequences with particular reference to protein kinases.
METHODS
The HCMV strain AD169 HindllI S fragment cloned in pAT153 was a kind gift of Drs Jon Oram and Peter Greenaway (Oram et al., 1982) . A 3-59 kb Sail fragment of HHV-6 strain U1102 (Downing et al., 1987) cloned in Bluescribe and named SAD35 was a gift of Dr R. Honess. Random fragments of both DNAs were generated by sonication and subcloned into M 13mp8 (Messing & Vieira, 1982) according to established methods (Bankier et al., 1987) . Transformation into Escherichia coli strain TG 1, phage propagation, DNA purification and sequencing by the dideoxynucleotide chain termination method (Sanger et al., 1977) were as described by Bankier et al. (1987) . Re-sequencing of compressions was performed where necessary, using 2'-deoxy-7-deazaguanosine triphosphate as a substitute for dGTP (Mizusawa et al., 1986) .
Sequence data were compiled using the DBUTIL and DBAUTO programs (Staden, 1980 (Staden, , 1982 . The sequence was analysed and open reading frames were identified using ANALYSEQ (Staden, 1986) and DIANA (J. Crooke, T. Horsnell & B. Barrell, unpublished). Protein sequences were analysed using ANALYSEP (Staden, 1986) . Predicted translation products were compared against a library of herpesvirus protein sequences and the Protein Identification Resource (George et al., 1986) protein library with FASTP (Lipman & Pearson, 1985) and FASTA (Pearson & Lipman, 1988) . Pairwise sequence comparisons were performed using MULTALIGN (Barton & Sternberg, 1987) . Programs were run on DEC VAX and microVAX computers. Because of the very low levels of overall homology, multiple sequence alignments were performed manually.
RESULTS

Identification of the protein kinase homology
The sequences of the HCMV HindIII S fragment and the HHV-6 SAD35 fragment were obtained on both strands. The complete sequences together with those of neighbouring fragments will be reported elsewhere for both HCMV HindIII S (M. Chee & B. Barrell) and SAD35 (G. Lawrence el al.) . The predicted translation products of HCMV reading frame HSRF3, from positions 3776 to 5896 in the HindIII S fragment (numbered from the end adjacent to HindIII P), and the homologous HHV-6 reading frame 15R, from positions 92 to 1777 in the SAD35 fragment, are shown in Fig. 1 . Their sizes are given in Table 1 . Fig. 1 . A multiple alignment of the putative herpesvirus phosphotransferases. Also shown in the alignment are part of the catalytic domains of several known protein kinases. The abbreviations and references are as follows: cAPK<t (Uhler et al., 1986) ; MLCK-K, rabbit skeletal muscle myosin light chain kinase (Takio et al., 1986) ; DCKII, Drosophila casein kinase II (Saxena et al., 1987) ; US3, HSV-1 short unique region protein kinase (McGeoch et al., 1985) ; VZV66, VZV short unique region protein kinase (Davison & Scott, I986) ; pim-1, putative transforming protein induced by murine leukaemia virus integration (Selten et aL, 1986) ; c-mos, human homologue of Moloney murine sarcoma virus oncogene (Watson et aL, 1982) ; c-src, chicken homologue of Rous avian sarcoma virus oncogene (Takeya & Hanafusa, 1983) ; GC, sea urchin guanylate cyclase (Singh et al., 1988) . The alignment of the protein kinase sequences is based on that of Hanks et al. (1988) . Lengths of amino-and carboxyterminal sequence amputations are indicated on the alignment. GC and c-mos have also been shortened internally. The consensus line indicates alignment of identities (single letter code) or amino acids with similar properties (*) between the five herpesvirus sequences. For the latter purpose the groupings (G, A, S, T, P), (V, L, I, C, M), (F, Y, W), (H, R, K) and (D, E, N, Q) were used. A consensus is shown only where three or more sequences are present in the alignment. Residues which are highly conserved in protein kinases and present in the herpesvirus sequences are boxed. Simple measurements of percentage identity do not show an unambiguous relationship between the herpesvirus sequences as a group and the protein kinases listed above. Hence the order of alignment does not necessarily reflect the degree of similarity between the sequences. Library searches identified homologues to HSRF3 and 15R in other herpesviruses. These genes were BGLF4 in EBV (Baer et al., 1984) , gene 47 in VZV (Davison & Scott, 1986 ) and UL13 in HSV-1 (McGeoch et al., 1988) . Homology between BGLF4 and VZV47 was noted previously (Davison & Taylor, 1987) , as were their homologies to UL13 (McGeoch et al., 1988) . All five genes reside at equivalent positions in their respective genomes as shown by their collinearity with other conserved reading frames (Davison & Taylor, 1987; McGeoch et al., 1988; M. Chee & G. Lawrence, unpublished observations) . Comparison of a multiple alignment of the predicted proteins with protein kinases revealed that highly conserved residues are coincident between both sets of sequences, which otherwise share little homology.
The catalytic domain
Cellular protein kinase catalytic domains contain nine motifs which together form a distinguishing pattern. This is highlighted by the alignment of 65 sequences by Hanks et al. (1988) , to which our comparisons refer. Each of the motifs is found in a different subdomain demarcated by insertions and deletions relative to the main body of the alignment. Many other residues are also conserved, but to a lesser extent, and show significant variation between subsets of the kinases. Matches to all nine of the highly conserved motifs can be found in the herpesvirus sequences (Fig. 1) . It is useful to consider in turn the better defined of these features, some of which have been ascribed functions. In the following text the sequence positions refer to Fig. 1 .
The nucleotide-binding site
This motif, recognized in ATP synthetases and other enzymes by Walker et al. (1982) , is predicted to form a fold capable of specifically contacting both phosphate and ribose parts of a nucleotide. There are several variations on the theme and in protein kinases the consensus is GXGXXGXV (where X is variable) with a hydrophobic residue at position -1 and a hydrophobic or aromatic residue at -7. The core sequence is fully conserved in all five herpesviruses (positions 349 to 354). However, small polar residues are found at position -1 in HSV-1 and VZV, and position -7 does not appear to be conserved.
The catalytic lysine
A lysine residue at position 371, which appears to be functionally irreplaceable (Chen et al., 1987) is found in the second subdomain embedded in the consensus AXKXO (where O denotes a hydrophobic residue). Isoleucine and valine also occur at position 1. In the herpesvirus sequences the spacing between the nucleotide-binding site and this lysine is one to three amino acids less than the minimum spacing of 14 amino acids found in protein kinases. The alphaherpesvirus sequences fit the AXKXO consensus but the others are less well conserved. All five sequences contain the lysine residue.
Subdomains VI and VII
This region, which spans positions 470 to 530 approximately, is the most extensively conserved in both the herpesvirus and cellular sequences. It also aligns well with bacterial phosphotransferases (Brenner, 1987) . The occurrence of this pattern in kinases of prokaryotes and eukaryotes argues for a role in ATP binding and perhaps phosphate transfer. This is especially so as the kinases otherwise differ in function, the bacterial enzymes acting mainly on aminoglycoside antibiotics. Sternberg & Taylor (1984) propose a model for the v-src nucleotidebinding site in which residues discussed above, G349, G351, K371, D519 and F520 all interact with ATP. Whether or not this model is applicable remains to be seen, but positions 519 to 52I which are almost invariant in known protein kinases deviate at the second and third positions in the herpesvirus sequences, where FS, YS and YG are found in place of FG. The bacterial phosphotransferases are also variable at these residues (see Brenner, 1987) . Although these differences involve only two residues, their very high level of conservation in protein kinases suggests that a cautious approach should be taken in predicting functions for the herpesvirus sequences. This is reinforced by deviations in the next conserved subdomain.
The APE sequence
Subdomain VIII of protein kinases contains the consensus (AGPS)(PAIL)E, where the residues in parentheses are alternatives. The most frequent occurrence is APE which is found in 45 of 65 aligned sequences, in all major branches of the phylogenetic tree constructed by Hanks et al. (1988) . It is likely that this triplet is located near or at the active site. For example, a substrate analogue reacts with a cyclic AMP-dependent protein kinase ~ (cAPK-~) cysteine residue at position 573 (Bramson et al., 1982) which is close to the APE sequence (580 to 582), and in v-src at least some mutations at positions 580 to 583 affect function of the enzyme (Bryant & Parsons, 1984) . In UL13 and VZV47 the triplet PPE, which fits the protein kinase consensus, aligns at this location. Furthermore, the sequence is followed by three hydrophobic residues, the same context as in many other of the protein kinases. The equivalent positions in BGLF4, 15R and HSRF3 contain respectively IPD, LVN and ICD. It is not obvious that these sequences are functionally related to the APE motif. However, the next motif, centred around position 625, is largely conserved in the herpesviruses. The continuation of the protein kinase pattern distal to the APE subdomain, together with the collinearity of motifs preceding it, suggests to us that in the herpesviruses a sequence analogous to APE is located between positions 525 and 620. Candidate triplets in UL13 and VZV47 have been mentioned but the other sequences are more difficult to interpret. The herpesvirus sequences also have large insertions relative to most protein kinases in this region, which may at least influence the local structure of the catalytic site. Alternatively, Yarden & Ullrich (1988) suggest that the role of large insertions between conserved subdomains may be to confer type-specific functions. The only protein kinases known to have large insertions here are CDC7 (Patterson et al., 1986 ; approximately 80 amino acids between subdomains VII and VIII) and ranl + (McLeod & Beach, 1986 ; approximately 20 amino acids between subdomains VIII and IX).
Subdomain XI
This subdomain contains a hydrophobic residue 11 amino acids before an invariant arginine but it is not known whether the spacing is critical. Even assuming its presence, the small footprint of this motif makes its identification in the herpesvirus sequences difficult. On the basis of alignment and context the most likely candidate arginine in UL 13, VZV47, BGLF4 and 15R is at position 717. In the latter two sequences the proximal hydrophobic residue would not be conserved. A candidate is more difficult to assign in HSRF3, with the arginine at position 726 being the most plausible.
The amino-terminal domain
The herpesvirus sequences vary extensively in their amino terminal domains with the consequence that this part of the multiple alignment in Fig. 1 (positions 1 to about 320) has the greatest level of uncertainty. Furthermore, there is always a possibility that the sequences shown do not represent the true amino termini as mRNA splicing or post-translational processing have not been excluded. The lengths of the amino-terminal domains, approximated to the first glycine in the predicted nucleotide-binding site, are 85, 139, 156, 202 and 338 amino acids for BGLF4, VZV47, ULI3, 15R and HSRF3, respectively. In fact the actual domains may be somewhat shorter. HSRF3 contains an unusual pattern of sequences near its amino terminus; distal to this region the close relationship between HSRF3 and 15R is highlighted by significant homology in their amino-terminal domains. Protein library searches with truncated amino-terminal sections UL13  VZV47  BGLF4  15R  HSRF3   ULI3  -39  21  19  17  VZV47  249  -23  20  19  BGLF4  228  225  -21  23  15 R  232  222  211  -30  HSRF3  230  229  220 from each of the herpesvirus sequences did not reveal convincing homologies to other proteins. At present it is not useful to speculate on this part of the sequence, although in cellular protein kinases non-catalytic domains or associated subunits can have regulatory functions (Edelman et al., 1987; .
Evolutionary relationships
The number of identities between each pair of sequences in Fig. 1 was counted over a span of 301 positions. This identity, expressed as a percentage of the number of overlapping amino acids within the span, is shown for the herpesvirus sequences in the upper section of Table 2 . The region analysed consisted of positions 340 through to 640. This span contains the highest density of conserved amino acids and hence represents the most reliable section of the alignment. The lower part of Table 2 shows the number of overlapping amino acids between pairs of sequences for the same region of the alignment. The clustering of homologies between the five herpesvirus sequences is consistent with the established relationships of the viruses themselves. This was not unexpected, as it seems likely that the gene was acquired early in herpesvirus history given its presence in the three recognized subfamilies. Conservation of the gene in all three subfamilies argues for an important or essential role in the viral life cycle.
The calculation of identity scores between the herpesvirus and protein kinase sequences is less meaningful, as their evolutionary histories are obviously very different. However, this type of analysis might give clues to function if significant clustering with specific subsets of protein kinases was observed. This did not appear to be the case, with the highest score observed being 23% between UL13 and pim-1, and the lowest score 10% between 15R and cAPK-ct. The average score was 17%. This level of homology is similar to or less that that seen between distantly related protein kinases by Hanks et al. (1988) over the whole catalytic domain. These authors find that sequences with similar properties, which cluster together on a phylogenetic tree, have identities in excess of 35%. More subtle relationships than we have observed may of course exist, but their prediction would at present be very speculative. Average scores were also calculated for each herpesvirus sequence and guanylate cyclase versus (cAPK-~, MLCK-K, DCKII, US3, (Table 3) .
Like the herpesvirus sequences, it has not been determined whether the sea urchin integral membrane guanylate cyclase possesses kinase activity, but there are some noteworthy differences in their homologies to the known protein kinases. For example, the guanylate cyclase nucleotide-binding site is less well conserved; the catalytic lysine consensus contains an acidic residue; and the APE sequence is conserved in apparent contrast to three of the herpesviruses.
Of the sequences compared, the guanylate cyclase is most closely related to c-mos (25 %) and c-src (23%), and least closely related to the herpesviruses (UL13 and VZV47, 15%; BGLF4, 14%; HSRF3, 10%; 15R, 9%).
DISCUSSION
Sequence analysis has allowed us to infer properties of a family of herpesvirus proteins which has yet to be recognized. The proteins are all likely to be nucleotide-binding enzymes, based on the conservation of the GXGXXGXV motif. They are also likely to have phosphotransferase activity as the putative catalytic lysine residue is preserved in context in all five sequences. The presence of the protein kinase subdomain VI and VII motifs also provides less direct evidence for nucleotide utilization, based mainly on their occurrence in two different types of kinases in bacteria and eukaryvtes. However, as described above, the herpesvirus sequences depart from the consensus at highly conserved positions. Although all protein kinases of known specificity and sequence phosphorylate either serine/threonine or tyrosine, protein-lysine and proteinhistidine kinases have been described (Smith et aL, 1974) . Hence there is a prospect that herpesviruses might encode a new class of protein kinases which might also have cellular homologues. It is interesting in this regard that two predictors of kinase specificity cannot be interpreted unambiguously in the herpesvirus sequences (positions 496 to 498 and 575 to 579).
Taking a similarly cautious approach in interpreting the relationship between the herpesvirus sequences, it should not be concluded on the basis of the homology observed that they are all of the same specificity, or even committed to the same function. Apart from some of the important differences discussed above, there is a dichotomy between the alphaherpesviruses and the other herpesvirus sequences in the protein kinase class-specific sequence at positions 496 to 498. Furthermore, a possible exception to the kinase motif-function relationship already exists in the form of the sea urchin guanylate cyclase (Singh et aL, 1988) . Given the great evolutionary distance between the viruses, and their different lifestyles, it is possible that these genes have diverged in function. For example, there is evidence that HCMV may encode a nucleoside kinase which renders it susceptible to the nucleoside analogue DHPG (Biron et oL, 1986) , and the putative HCMV kinase deserves consideration in this regard.
Much work has been done on the characterization of herpesvirus proteins, and proteins which correspond to the sequences we have discussed here may have been studied already. In particular, protein kinases found in virions and/or infected ceils may repay further investigation. These include the virion-associated kinases found in HCMV (Britt & Auger, 1986; Roby & Gibson, 1986) and HSV-1 (Rubenstein et al., 1972; Lemaster & Roizman, 1980; Stevely et al., 1985) , an HCMV-infected cellular kinase (Michelson et al., 1984) and an EBV nuclear antigen-associated kinase (Kamata et al., 1981) . No studies have yet been reported on phosphorylation in HHV-6 or HHV-6-infected cells.
We have shown that herpesviruses probably encode enzymes that are homologous to cellular protein kinases. Whether they represent a distinct branch of a multifarious group of proteins utilizing these motifs, or whether they are in fact protein kinases, remains to be determined. Whatever the functions of these putative enzymes, their identification promises new insights into herpesvirus biology. Furthermore, they are also potential targets for antiviral chemotherapy. Finally, their relationship to protein kinases will be of interest to workers in this area. For example, it may be possible to identify directly interacting motifs, and to study the relationships of sequences responsible for specificity and catalysis, by constructing chimaeras of the protein kinase and herpesviral catalytic domains. This general principle has been informative when used on whole organisms (Le Douarin, 1986) , viruses (Spaete & Mocarski, 1985) and proteins (Morrison et al., 1984) . Hence it may be of value in dissecting interactions within distantly related catalytic domains.
After this paper was submitted a paper identifying the homology of the HSV, VZV and EBV genes to protein kinases was published by Smith & Smith (1989) .
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